Plethysmography variability index (PVI)
and pre-cardiopulmonary bypass phlebotomy in children: What a supposedly flawed and negative study can teach about the physiology of "volume responsiveness" and assessment of shock
Respiratory cycle-dependent dynamic volume status indices such as stroke volume variation ( respSV), pulse pressure variation ( respPP), pulse oximetry plethysmography, and PVI perform best when tidal volume is ≥8 cc/kg and patient-ventilator interaction is extinguished [1] . In this issue of the Journal of Pediatric Intensive Care, Schloss et al. [2] employ these ventilatory parameters in their study of PVI. As interest in respiratory-cycled dynamic indices has grown, two data streams have pulled practice away from conditions that favor these measures. Robust prospective and historical data suggests that adults and children who are critically ill or undergoing major surgery benefit from low tidal volume [3] [4] [5] . In the intensive care unit (ICU) patients derive neuropsychiatric and neuromuscular benefit that outweighs cardiopulmonary risk when they receive lighter sedation or analgo-sedation that preserves some patient-ventilator interaction [6] [7] [8] [9] . This is true for all but the sickest patients with acute respiratory distress syndrome [10] , and others with severe, uncontrolled obstructive airways disease, cardiogenic shock, status epilepticus, elevated intracranial pressure, and a few other illnesses. In pediatric [11] and adult critical care [3] [4] [5] [6] [7] [8] [9] evidence-based practice has moved so far from ideal conditions for obtaining accurate respiratory-cycled dynamic index data that the information would have to yield otherwise unavailable, consistent, high-impact patient-centered outcome benefits to justify routine clinical use. dependent indices [1, 12, 13] . The first of these closely followed a series of overly pessimistic assessments of traditional hemodynamic indices, such as central venous pressure (CVP) and pulmonary artery occlusion pressure (PAOP) [14] [15] [16] [17] [18] . A subsequent series of studies with adults, partially overlapping, but mostly conducted after the first group, failed to reproduce the robust correlations between dynamic index cut-off values and volume responsive improvements in cardiac performance. The latter studies generally included patients who had been excluded from the former series, but who manifest conditions commonly seen in ICU [19] [20] [21] [22] [23] [24] and high-risk operative practice [25] . In contrast to earlier work [1] , investigators who conducted the latter group of studies tended to treat patients as they would have been treated under normal conditions [19, 20] . This is perhaps because of the lag time between study design and publication, during which the benefits of lung-protective ventilation and lighter analgo-sedation regimes became widely accepted. Likely, because of these changes in patient selection and treatment protocols, the area under the receiver operator curves for respiratory-cycled dynamic indices in the latter studies more closely resembled those of classical "static" indices like CVP and PAOP [19] [20] [21] [22] [23] . As a recent multi-center ICU prevalence study showed, only 18% of patients met the demanding conditions that dynamic indices require to reliably predict what is termed "volume responsiveness" [24] .
PVI is a non-invasive plethysmography-based derivative of respPP. The technique measures respiratory cycle flux in the perfusion index (PI). The PI is the ratio of pulsatile arterial to non-pulsatile light wavelengths reflected back to a pulse oximeter, and is expressed as a percentage. Because arterial perfusion generally falls in patients who are volume depleted or in other shock states, PI should fall as well. As explained below, in such patients this ratio should increase with mechanical inspiration and decrease with mechanical expiration. PVI is calculated by subtracting the minimum from maximum PI values and dividing by the maximum [26] . The greater the difference over the respiratory cycle, the greater the PVI. Because PVI does not require an arterial catheter, it is especially appealing in children.
Schloss et al. [2] measured PVI in a cohort of 31 North American children with a variety of congenital cardiac anomalies before and after they underwent therapeutic pre-cardiopulmonary bypass phlebotomy. They recorded baseline PVI after performing induction, initiating positive pressure ventilation, and stabilizing the children on sevoflurane. They repeated this measurement after performing phlebotomy but prior to cardiopulmonary bypass. Although the authors carefully controlled ventilation, they resuscitated children who manifested signs of shock with variable doses of volume and pressors. Since this was a cohort of children undergoing cardiac surgery, a significant number had right heart failure and/or pulmonary hypertension. [2] .
These limitations are important, and whatever the authors' feelings about this supposed flaw, the paper is invaluable because of, and not despite it. Instead of having to extrapolate from adult data or rely on pediatric studies from poor nations with a high infectious disease burden and radically different medical infrastructure [27] , Schloss et al. [2] give us direct evidence that respiratory-cycled dynamic indices fail when practicing clinicians have to take care of children who are critically ill and develop peri-operative shock. Like those clinicians in Schloss et al. [2] , we also treat our sickest patients with rapid and simultaneous interventions like vasopressors and fluid, which can, in combination, undermine the accuracy of dynamic indices. As a result, Schloss et al.'s [2] "wild type" data is very pertinent to pediatric and adult intensivists, anesthesiologists, surgeons, and emergency physicians.
Principal finding: PVI did not detect a shock state
Schloss et al. [2] found that PVI did not detect shock (or "volume responsiveness") triggered by phlebotomy in this cohort of children, while classic measures like falls in systolic blood pressure (SBP) (P = 0.001) and mean arterial pressure (MAP) (P = 0.017) did, as did near infrared spectroscopy (NIRS). NIRS detected a statistically significant reduction in cerebral perfusion (cerebral oximetry fell 76 to 68%, P = 0.005). Although pre-and post-phlebotomy PVI failed to detect shock (P = 0.55), it did predict total volume administration. The latter finding is a step removed from the primary physiologic changes revealed by SBP, MAP, and NIRS.
Although critics might be tempted to dismiss the study because resuscitation between the two PVI measurements limited the net volume and blood loss [2] , this did not prevent the cohort of children from experiencing shock state sufficient to be detected by falls in systolic blood pressure, mean arterial pressure, and perhaps most important, cerebral perfusion. The fall in cerebral oximetry detected by NIRS is notable because sevoflurane tends to maintain cerebral blood flow without significantly changing cerebral metabolic rate of oxygen consumption [28] .
Physiology and failure of dynamic
respiratory cycled indices: resp SV, resp PP and the special case of PVI Under optimal conditions, dynamic respiratory cycle dependent-indices are thought to detect volume responsiveness when patients are on the ascending, or volume responsive limb of the left ventricular Starling curve. In classical physiologic terms [29, 30] these indices can be understood by following the interaction between Guyton venous return curves and Starling ventricular performance curves over the respiratory cycle. Those not familiar with Guyton venous return curves and their limitations [31] can understand dynamic respiratory cycled indices by imagining points instead of lines moving up and down along the more familiar Starling curve as intrathoracic pressure changes.
During mechanical insufflation, the venous return curve shifts downward and "leftward," intersecting the ascending limb of the right ventricular Starling curve at a lower point along the y-axis, reflecting decreased right ventricular filling and cardiac output. This occurs because increased intrathoracic pressure reduces the pressure gradient between stressed venous volume and the right ventricle (RV), and because inflation of the lung puts direct pressure on vessels or chambers through or into which venous blood returns to the RV.
During mechanical expiration, intra-thoracic pressure falls, and the venous return curve shifts back upward and rightward in parallel, intersecting the right ventricular Starling curve at a higher point. This is physiologically similar to administering a fluid bolus. In plain language, respiratory cycle-related pressure flux has the effect of subtracting and adding back small fluid boluses to the right heart in inverse proportion to changes in intrathoracic pressure. The opposite filling pattern occurs during normal negative pressure breathing, though usually to a lesser degree.
Over approximately three-four heart beats blood transverses the pulmonary vasculature, resulting in respiratory phase-shifted differential left ventricular filling. If the respiratory rate remains sufficiently low relative to the heart rate (<1:3.6) [32] , the relatively greater venous return to the RV during mechanical expiration is delivered to the left ventricle (LV) during mechanical inspiration. With normal RV function and pulmonary vascular resistance, the right ventricular starling curve is nearly vertical over the range of expected points of intersection with the venous return curve, so adding or subtracting venous return to the RV decreases or increases right ventricular output in a nearly 1:1 ratio. As a result, the right ventricular starling curve can be, and in most representations is, abstracted out of the model [29] .
If the points of intersection between the venous return curve and the left ventricular Starling curve during mechanical expiration and inspiration both lie along the ascending, or preload-responsive portion, more blood is ejected into the systemic circulation during mechanical inspiration, and this is detected as an increase in pulse pressure, LV stroke volume, or perfusion index. Patients in whom respiratory-cycled transient loading and unloading of the RV result in sufficiently large changes in left ventricular stroke volume are thought to be "volume responsive." In these patients, respSV , respPP or PVI are typically above 10-15%, and the transient loading and unloading of the RV reflected by these indices predicts an increase in left sided cardiac performance in response to an exogenous fluid bolus. The development of many of the concepts underlying dynamic respiratory cycle indices are explained succinctly in other publications [15, 29, 30] .
As noted above, Schloss et al. [2] were unable to standardize volume replacement. Volume repletion replaces volume loss, which decreases PVI. But, as Schloss et al. [2] point, out, the children were unlikely to have been sufficiently resuscitated to reverse their shock state, as SBP, MAP, cerebral oxygenation, and perfusion index all fell after phlebotomy [2] .
The PVI-altering effects of variable pressor administration in this study are unlikely to explain the failure of PVI because only three of 31 children received single doses of phenylephrine. To the extent that phenylephrine affected the outcome, the net effect was probably to dampen PVI, as it would dampen other respiratory-cycled dynamic indices. Because PVI depends on detecting microvascular perfusion changes that are extremely sensitive to endogenous or exogenous catecholamines, PVI is more likely than respSV, or respPP to fail as a consequence of circulatory failure, noxious stimuli or treatment with vasopressors [26, [33] [34] [35] .
Phenylephrine's pure ␣-1 agonist properties recruit unstressed volume from venous capacitance vessels to stressed volume, raising mean systemic filling pressure and shifting the venous return curve upward and rightward. Phenylephrine also increases pulmonary and systemic afterload, rotating the venous return curve counter-clockwise (down along the y axis) so the venous return and starling curves intersect at a lower cardiac output (CO) point. To the degree that increasing afterload also shifts the Starling curve down and to the right, the intersection of the two curves would occur at an even lower venous return/cardiac output point, and at a higher CVP. Increased filling pressures and afterload decrease the relative effect of respiratory cycle-related flux in intrathoracic pressure, dampening any dynamic respiratory cycle-dependent index. The net effect of phenylephrine on cardiac output is generally thought to be negative, but this, and the drug's effect on organ perfusion, depend on baseline hemodynamics.
Epinephrine [11] and norepinephrine [36] , which are more commonly used in the ICU than phenylephrine for septic and cardiogenic shock in children [11] and adults [36] , generally shift the venous return curve up and to the right by recruiting unstressed volume from venous capacitance into stressed volume that augments venous return [29, 30, 37, 38] . The opposing effects of these agents on afterload and cardiac performance tend to cancel each other out, so CO generally increases with a higher mean systemic filling pressure that dampens the relative effect of any given cyclic change in intrathoracic pressure. As a result, these agents dampen respiratory cycledependent indices [37, 38] . As many patients with high dynamic respiratory indices may be "pressor responsive" [29, 37, 38] dynamic index values cannot be said to uniquely diagnose "volume responsiveness" but "shock resulting from inadequate venous return." By recruiting blood from venous capacitance vessels and increasing both venous return and mean systemic filling pressures, these agents correct what may appear to a dynamic index to be a volume deficit. In extreme cases, for example, in anaphylactic shock, dynamic indices may appear to signal large fluid deficits instead of fluid shifts from stressed to unstressed volume [29] . Although fluid boluses may initially be lifesaving, too much volume increases pulmonary, airway, and tissue edema. Ultimately, what saves lives in anaphylactic shock is not fluid, but exogenous epinephrine.
Schloss et al. [2] mention that RV failure or increased pulmonary vascular resistance may have played a role in the failure of PVI to detect a pre-to post phlebotomy shock state. With pulmonary hypertension, the RV Starling curve is stably shifted rightward and down so increasing venous return can no longer be assumed to directly increase LV preload and performance. The RV starling curve may transiently shift even further down and to the right during mechanical insufflation as vascular resistance to any given RV impulse increases. The venous return curve rotates counterclockwise to a lower venous return/cardiac output point, because cardiac output falls at any given mean systemic filling pressure. The net result is that the two curves intersect at a far lower venous return/cardiac output point than they would with normal right-sided hemodynamics. Afterload-exaggerated falls in RV stroke volume during mechanical insufflation are phase-shifted to the LV, exaggerating the fall in SV, PP, and PI during mechanical expiration. This in turn raises respSV, respPP and PVI, suggesting "volume responsiveness". In fact, adding volume is likely to increase RV afterload and/or cause the interventricular septum to bow into the LV cavity, lowering CO [21] . Such false positive [21, 22] dynamic index values can harm patients. Because of this, Mahjoub et al. [22] suggest coupling echocardiography with respiratory-cycled dynamic indices to screen out patients with RV failure/pulmonary hypertension.
The "limitations" of Schloss et al.'s [2] pediatric study, with related adult literature, demonstrate what follows from Guyton and Starling [29, 30] : dynamic respiratory cycle-dependent indices only predict volume responsiveness to the degree that vasomotor tone remains constant and there is an uninterrupted, physiologically "normal" connection between RV and LV preload. These papers highlight the role of catecholamines, cytokines and medications that alter vasomotor tone [2, 29, 37, 38] . They also highlight the importance of RV dysfunction, elevated PVR [2, 21, 22] , low respiratory system compliance [23] , high intrathoracic pressure [20] , dysrhythmia, and high respiratory to heart rate ratios [32] that disrupt transpulmonary blood flow. Ongoing volumeindependent changes in cardiac performance, PVR, and systemic vasomotor tone are typical of adults and children [39] sick enough to need intensive care [24] or cardiac surgery [25] . Ideal conditions for dynamic respiratory-cycled monitors are the exception, and not the rule in our day-to-day clinical practice [24, 25] .
Alternative methods of assessing "volume responsiveness"
Although not the first work to study passive leg raise (PLR) [40] , Marik et al.'s [41] 2011 work has received much recent attention. Marik et al. [41] demonstrated that PLR was superior to respSV for predicting an increase in stroke volume index. Because children have smaller limbs than adults, relative to the size of their torso and head, the impact of passive leg raise is unlikely to be as significant in infants and young children as in older children and adults. PLR is only sufficiently sensitive if correlated to changes in cardiac output measured by invasive or potentially unreliable techniques such as thermodilution, bioreactance, or aortic Doppler [40] [41] [42] [43] . PLR performs better than dynamic respiratory-cycled indices when there is low respiratory system compliance, and is not dependent on tidal volume, cardiac rhythm, or respiratory to heart rate ratios [40] . As with respiratory-cycled dynamic indices, a positive response to PLR signals only that mean systemic filling pressure may be pressor or volume responsive [42] . A negative test can mean that a patient is volume replete, or as is the case even in mild intra-abdominal hypertension, that there is increased resistance to venous return [43] .
Finally, because of the problems with respiratorycycled and postural dynamic predictors of "shock resulting from inadequate venous return" [29] we have moved back to where we started -giving small fluid boluses, and assessing whether an easily accessible measure, such as the resulting change in pulse pressure, can reliably predict a change in cardiac output. One such trial, conducted under controlled conditions similar to the earliest respPP trials, found a weak but positive correlation between the two [44] .
Where does this leave us?
Absent from most dynamic "volume responsiveness" literature is a discussion of whether it matters if we correct putative volume deficits that can be found only under tight physiologic constraints and interpreted without reference to available downstream (e.g. lactate, mixed central venous oxygen saturation, and mixed venous oxygen saturation) [15] or bedside data [45] [46] [47] . Astute clinicians watch trends, not discrete cut-off points, correlate their findings with clinical signs and symptoms, and continuously re-evaluate the effect of ongoing clinical strategies [45] [46] [47] [48] [49] [50] [51] [52] . The Fluids and Catheters Treatment Trial is one of the few recent studies to demonstrate that careful volume assessment could yield a patient-centered benefit: early liberation from mechanical ventilation. The investigators did this by following trends in either CVP or PAOP, and using these and other clinical data to limit extravascular lung water in acute respiratory distress syndrome patients [49] . Although no study reliably establishes a fixed point that predicts volume responsiveness for CVP or PAOP, multiple trials show that across study populations, these values rise with fluid administration and fall with diuresis [49] [50] [51] [52] .
The negative primary outcome Schloss et al. [2] found in their methodologically flawed, but clinically important study matters because it adds North American pediatric data to the growing mass of adult studies questioning the value of dynamic respiratory-cycled indices in "wild type" clinical settings. Anesthesiologists in Schloss et al. [2] acted to correct shock as we and other well-intended providers would have when changes in SBP, MAP and NIRS hinted at danger. Their literature review reminds us that when patients develop severe shock, we may be able to detect significant changes in pulse oximetry plethysmography without proprietary technology [53] . Even without imposing the tight constraints needed to obtain publication-ready cut-off values for dynamic indices, astute clinicians may be able to identify shock by carefully watching respiratory cycled pulse oximetry and invasive arterial tracings on a bedside monitor [15, 54] . Any data point or trend may be useful, but only if we understand its underlying physiology and integrate that with the stream of clinical information that is constantly generated at the bedside.
